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ABSTRACT 
 Interest on the effects of emerging contaminants over aquatic organisms has increased in the last 
years. Nonetheless, the toxic action of classical natural and anthropogenically-driven metals has also to be 
monitored, especially because they reflect real environmental situations. For that, in the present study we 
focused on the effects on the marine mussel Mytilus galloprovincialis of the personal care product Triclosan 
(TCS) and Lead (Pb), as toxic metal, under separate and co-exposure situations at environmentally relevant 
concentrations: TCS (1 µg/L) and Pb (50 µg/L). The consideration of an additional factor such as an increase 
in ambient temperature was also included to provide a forecasted scenario of climate change: from the 
ambient temperature at actual conditions (17ºC) to a predicted warming situation (22ºC). Water chemical 
characterization and some physical properties and bioaccumulation of TCS and Pb in mussels at the end of 
the experiment (28 days) was considered. The parameters followed up comprise the energy related system 
production (electron transport system) and glycogen and protein reserves. Antioxidant enzymatic defenses 
towards reactive oxygen species (ROS) and the consequences of ROS damage over endogenous lipids 
(LPO) and proteins (PC). Overall the results suggested only occasional/particular responses to chemical 
exposures at 17ºC whereas at 22ºC the detoxification machinery was set up and this prevented the 
occurrence of LPO. Nonetheless, PC formation occurred under Pb and TCS+Pb co-exposure at the highest 
temperature. Due to the complexity of the study: 4 chemical conditions, 2 temperatures and 10 biomarkers 
considered, a principal component ordination (PCO) analysis was included. The results of this integrative 
analysis confirmed a clear effect of the temperature, more responsiveness to drugs at 22ºC and in all 
likelihood due to Pb presence. 
 
  Keywords: Mytilus galloprovincialis; warming; personal care products; metals; oxidative stress; 
metabolism. 
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1. INTRODUCTION 
A large variety of man-made substances reach the aquatic environment, including the ones of 
increasing environmental concern used as personal care products (PCPs). One of the most common PCPs 
detected in the environment worldwide is Triclosan (2,4,4′-trichloro-2′-hydroxydiphenyl ether; TCS), an 
antimicrobial agent used as an ingredient in household items, personal care products (e.g. cosmetics, 
toothpastes, mouthwashes, deodorants and shampoos) and medical devices (Dann and Hontela, 2011). In 
September 2016, TCS was banned from soap products following the risk assessment by the U.S.A. Food 
and Drug Administration (FDA). Also, the Europe Union (EU) banned the availability and use on the EU 
market of biocidal products containing TCS, starting January 2017. However, TCS still remains, at high 
concentrations, in other personal care products such as toothpaste, mouthwash, hand sanitizer, and surgical 
soaps (Weatherly and Gosse, 2017). Although wastewater treatment plants (WWTPs) are usually highly 
efficient removing TCS, as a consequence of its extensive use a significant portion of this antimicrobial or its 
metabolic degradation products is discharged into receiving waters, including lakes, rivers and finally 
reaching coastal and estuarine waters, where TCS may be found at concentrations ranging from hundreds of 
ng/L to few µg/L (Dhillon et al., 2015; Ebele et al., 2017). As a consequence, continuous exposure of aquatic 
organisms to TCS has led to detectable levels in a number of aquatic species, with potential harmful 
consequences, including in algae, invertebrates, fish and marine mammals (Bedoux et al., 2012; Dann and 
Hontela, 2011; Tamura et al., 2013).  
In addition to these so-called emerging substances, aquatic environments are sink of classical 
pollutants, namely metals that have been of great environmental concern all over the world due to their 
toxicological impacts towards biological resources and humans. Although metals may reach the aquatic 
systems through natural geological processes, such as rock erosion, their presence can be exacerbated by 
anthropogenic activities, including discharges from WWTPs or industry (review by Tchounwou et al., 2012). 
Among existing metals, lead (Pb) is one of the most studied. Pb has been largely and extensively used in 
battery cases, paints and as an additive in gasoline that even at low concentrations can bioaccumulate and 
be toxic to aquatic organisms (Company et al., 2008; Krause-Nehring et al., 2012). Damages induced by Pb, 
including in bivalves, are usually achieved through inhibition of essential enzymes comprising those forming 
the cellular antioxidant pool. Therefore, lower removal of reactive oxygen species by antioxidant enzymes 
can indirectly lead to lipid peroxidation of cell membranes (Aouini et al., 2018; Meng et al., 2018).  
Aquatic systems are also subjected to environmental changes related climate changes (Gazeau et 
al., 2013; Hoffmann et al., 2012) that are likely to impact aquatic organisms such as bivalves (Freitas et al., 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
2016; Freitas et al., 2017; Lannig et al., 2010; Matoo et al., 2013; Moreira et al., 2018; Munari et al., 2018). In 
the scenario of global warming, aquatic organisms are subjected to water temperature fluctuations that may 
alter their thermal tolerances. This is particularly relevant in polluted environments, where increased 
temperatures could also modulate the susceptibility of organisms to pollutants (Acevedo-Whitehouse and 
Duffus, 2009). Among aquatic species, bivalves are considered to be mostly at risk due to the combined 
effects of temperature and habitat quality because they are sessile and many of them thrive in shallow 
coastal waters where changes in thermal gradients are more accused (Anestis et al., 2007; Dimitriadis et al., 
2012; Gagne et al., 2006). It has already been demonstrated that temperature alone, can affect the 
metabolic rates and oxidative status of aquatic organisms (Coppola et al., 2017; Velez et al., 2017). In 
addition to direct temperature impacts in aquatic organisms, heat may change the sensitivity of organisms 
towards pollutants, through alterations in the rate of biochemical and physiological processes, but may also 
change pollutants bioavailability and toxicity (Attig et al., 2014; Bat et al., 2000; Coppola et al., 2018; Ivanina 
et al., 2009; Khan et al., 2006; 2007; Lannig et al., 2006; Mubiana and Blust, 2007; Sokolova and Lannig, 
2008). Still, little is known on the combined effects of climate change and emerging pollutants such as PCPs, 
and especially concerning mixtures including both classical toxic metals and PCPs. While an increasing body 
of knowledge has demonstrated the physiological and biochemical impacts induced by warming and 
pollutants in bivalves (see reference above), little information is known on the alterations caused in a model 
bivalve by both stressors acting in combination. For that, mussels M. galloprovincialis were exposed for 28 
days to environmentally realistic concentrations of two pollutants: TCS and Pb individually and in a mixture, 
under the actual temperature at the time of sampling (17 °C) and under a predicted warming scenario (22 
°C). Biomarkers related to metabolic capacity and oxidative stress were evaluated. The metabolic 
parameters imply energy expenditure costs and therefore are physiologically relevant and those measured at 
the molecular and/or cellular level constitute sensitive early warning tools for assessing biological effects 
caused by environmental stressors.  
 
 
2. MATERIAL AND METHODS 
2.1. Experimental conditions  
Mytilus galloprovincialis specimens were collected in the Ria de Aveiro (northwest Atlantic coast of 
Portugal), in April 2018. In order to minimize the effect of body weight, organisms with similar weight (25.5 ± 
7.5 g) were selected. Mussels were maintained in the laboratory for 15 days before conducting the 
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experiment in order to release metals and microorganisms (Freitas et al., 2012; Maffei et al., 2009). During 
this period, organisms were maintained at 17.0 ± 1.0 °C; pH 7.80 ± 0.10, 12 h light: 12 h dark photoperiod 
under continuous aeration, in artificial seawater (salinity 30 ± 1) prepared with commercial salt (Tropic 
Marin® SEA SALT from Tropic Marine Center) and deionized water. Seawater was renewed every two days. 
After this adaptation period, organisms were distributed into different glass aquaria (7 L seawater, salinity 
30), with seven individuals per aquarium and three aquaria per treatment, in two different climatic rooms set 
at 17 °C and 22 °C.  
At each temperature (17 and 22 ºC) the tested treatments were: a) control (CTL), without Triclosan 
(TCS) and Lead (Pb); b) TCS 1.0 μg/L (TCS); c) Pb 50.0 μg/L (Pb) and d) TCS 1.0 μg/L and Pb 50 μg/L 
(TCS+Pb).  
Concentrations of Pb and TCS were selected taking into consideration the presence of both 
chemicals in polluted areas (among others, Dann and Hontela, 2010; Srichandan et al., 2016; Vázquez-
Sauceda et al., 2012). Taking into consideration the average temperature of the sampling area during April 
(17–20 °C, IPMA, 2018) 17 °C was selected as control temperature. Considering annual range of average 
temperatures (13.4–22.9 °C) for M. galloprovincialis habitats in the Ria de Aveiro (Coelho et al., 2014; Velez 
et al., 2015a) and the fact that a 2-4ºC rise in water temperature is predicted in the current century (IPCC, 
2014), the temperature of 22 °C was considered to realistically represent warming conditions.  
The experiment lasted 28 days, and mussels were collected at the end of the exposure. During this 
period, aquaria were continuously aerated; temperature and salinity were checked daily with a thermometer 
and a refractometer, respectively and when necessary readjusted. Mortality was checked daily and 
organisms were considered dead when their shells gaped and failed to shut again after external stimulus. 
During the entire exposure period animals were fed with Algamac protein plus (150.000 cells/animal) twice a 
week and exposure medium (seawater at salinity 30) was renewed weekly, after which TCS and Pb 
concentrations were re-established. At the end of the exposure, mussels were frozen individually and 
manually homogenized with a mortar and a pestle in liquid nitrogen. Each homogenized organism was 
divided into 0.5 g aliquots, before being used for biomarker and chemical analyses.  
 
2.2. Triclosan and Lead quantification  
Triclosan concentrations in water were measured following Cheng et al. (2011) protocol. The 
extraction was performed with C-18 SPE cartridges (HYPERSEP, 6 ml, 1 g, Thermo Scientific). Each 
cartridge was pre-conditioned with 6 mL of dichloromethane, and 6 mL of methanol and then rinsed with 6 
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mL of ultrapure water by the use a SPE manifold (Thermo Scientific). Samples were acidified to pH 3 (Cheng 
et al., 2011), and passed through the cartridges with the aid of vacuum. Then, the cartridges were washed 
with 4 mL 20 % methanolic solution and air-dried under vacuum for 20 min. TCS was eluted from the 
cartridges with 8 mL of dichloromethane and the extracts were completed dried with a rotavapor. The 
residue was redissolved in 0.2 mL of toluene and analysed by GC-MS.  
Triclosan was extracted from soft tissue as suggested by Schmidt and Snow (2016) using a 
QuEChERS method. Ultrapure water was added to an aliquot of sample tissue into a 50 mL polypropylene 
tube and the mixture was manually shaken. Acetonitrile was successively poured and the tube was still 
shaken by hand. Then, QuEChERS extraction salts kit (Agilent Technologies) was added and the extraction 
mixture was vigorously shaken again. The centrifuged extract was finally treated with QuEChERS 
purification salts kit, filtered and concentrated in a 2 mL vial for GLC analysis. The extracts were then 
processed according to the GC-MS method reported by Tohidi and Cai (2015). Standard stock solutions of 
TCS (Sigma-Aldrich) were prepared in dichloromethane (concentration range: 0.1-1.2 mg/L) and stored at < 
6°C. Triclosan analyses were performed with a GC Trace 1300 (Thermo Scientific) coupled to a TriPlus RSH 
autosample and a triple quadrupole mass spectrometer TSQ Duo with an electron impact ionization source 
(EI) (Thermo Scientific). The GC was equipped with an Agilent DB-5MS column. The analysis was 
performed in SIM technique. Highly pure helium was used as carrier gas for the GC analyses. The detection 
limit (LOD), calculated as a signal-to-noise ratio of 3:1, was 0.008 μg/L for water samples and 0.13 ng/g dry 
weight (d.w) for soft tissues samples. The recovery was >91% for water samples and >89% for soft tissues. 
Concentrations of Pb in water and tissue samples were determined with an AAS Varian 
SpectrAA240Z following the EPA 7010 method (2007). Lead standard was purchased from Titolchimica 
(Italy). Water samples were directly analyzed prior acidification with nitric acid at pH 2.  Soft tissues were 
dried at 40 °C for 48 h and digested following the method EPA 3051A (2007) by the use of an Ethos 1 
Microwave Digestion System (Milestone, FKV). The LOD of water samples was 0.8 µg/L and 0.4 µg/g d.w. 
for soft tissues samples. The percent of recovery was >98% for waters and >81% for tissues. 
 
2.3. Biomarkers  
Biomarkers were determined in organisms whole soft tissue. For each biochemical determination, 
0.5 g fresh weight (FW) soft tissue per organism was used (3 individuals per replicate and 9 per treatment). 
For each treatment, the markers selected are related to energy production and usage: electron transport 
system (ETS) activity; glycogen (GLY) and total protein (PROT) content, oxidative stress: superoxide 
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dismutase (SOD); catalase (CAT); glutathione peroxidase (GPx); glutathione reductase (GRed); and 
glutathione S-transferases (GSTs) activities, and cellular damage: lipid peroxidation (LPO) and protein 
carboxylation (PC) levels. All biochemical parameters were performed in duplicate using a microplate reader 
(Biotek). The extraction for each biomarker was performed with specific buffers. For ETS activity assay 
supernatants were extracted in 0.1M Tris-HCl buffer. For LPO assay supernatants were extracted in 20% 
trichloroacetic acid (TCA). For GRed assay samples were extracted in 0.1 M dipotassium phosphate. For 
SOD, CAT, GSTs, GPx, PC, PROT and GLY assays supernatants were extracted in phosphate buffer. 
Samples were homogenized for 15 s at 4 °C and centrifuged for 10 min at 10,000g (or 3,000g for ETS) at 4 
°C. Supernatants were stored at – 80 °C or immediately used for analysis.  
 
2.3.1. Energy-related markers   
The ETS activity was measured based on King and Packard (1975) and the modifications performed 
by De Coen and Janssen (1997). Absorbance was measured during 10 min at 490 nm with intervals of 25 s 
and the extinction coefficient of 15,900 M
-1
cm
-1
 was used to calculate the amount of formazan formed. 
Results were expressed in nmol per min per g of fresh weight (FW).  
For GLY quantification the sulphuric acid method was used, as described by Dubois et al. (1956). 
Glucose standards were used (0–10 mg/ mL) to produce a calibration curve. Absorbance was measured at 
492 nm after incubation during 30 min at room temperature. Results were expressed in mg per g FW.  
The PROT content was determined according to the spectrophotometric Biuret method (Robinson 
and Hogden, 1940). Bovine serum albumin (BSA) was used as standard calibration curve (0–40 mg/mL). 
Absorbance was read at 540 nm. The results were expressed in mg per g FW. 
 
2.3.2. Oxidative stress markers  
SOD activity was determined by the Beauchamp and Fridovich (1971) method after adaptations 
performed by Carregosa et al. (2014). The standard curve was formed using SOD standards (0.25-60 U/mL). 
Samples’ absorbance was read at 560 nm after 20 min of incubation at room temperature. Results were 
expressed in U per g FW where one unit (U) represents the quantity of the enzyme that catalyzes the 
conversion of 1 μmol of substrate per min.  
CAT activity was quantified according to the Johansson and Borg (1988) method and the 
modifications performed by Carregosa et al. (2014). The standard curve was determined using formaldehyde 
standards (0–150 μM). Absorbance was measured at 540 nm. The enzymatic activity was expressed in U 
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per g of FW, where U represents the amount of enzyme that caused the formation of 1.0 nmol formaldehyde 
per min at 25 °C.  
GPx activity was quantified following Paglia and Valentine (1967). The absorbance was measured at 
340 nm in 10 sec intervals during 5 min and the enzymatic activity was determined using ε = 6.22 mM−1cm−1. 
The results were expressed as U per g FW, where U represents the number of enzymes that caused the 
formation of 1.0 μmol NADPH oxidized per min. 
GRed activity was determined using the method described in Carlberg and Mannervik (1985). The 
absorbance was measured at 340 nm and the enzymatic activity was determined using ε = 6.22 mM-1cm−1. 
The results were expressed as U per g FW, where U represent the enzymes amount that caused the 
formation of 1.0 µmol NADPH oxidized per min. 
GSTs activity was quantified following Habig et al. (1974) protocol with some adaptations performed 
by Carregosa et al. (2014). GSTs activity was measured spectrophotometrically at 340nm (ԑ  = 9.6 mM−1 
cm
−1
). The enzymatic activity was expressed in U per g of FW where U is defined as the amount of enzyme 
that catalysis the formation of 1 μmol of dinitrophenyl thioether per min.  
 
 
2.3.3. Cellular damage markers 
LPO determination was done following the method described by Ohkawa et al. (1979). LPO levels 
were measured trough the quantification of malondialdehyde (MDA), a by-product of lipid peroxidation. 
Absorbance was measured at 535 nm and the extinction coefficient of 156 mM
−1
 cm
−1 
was used to calculate 
LPO levels, expressed in nmol of MDA formed per g of FW.  
The quantification of carbonyl groups in oxidized proteins (PC) was done following the 2,4-
dinitrophenylhydrazina (DNPH) alkaline method, described by Mesquita et al. (2014). Absorbance was 
measured at 450 nm and the extinction coefficient of 22,308 M
−1
 cm
−1
 was used to calculated PC levels, 
expressed in nmol per g of FW. 
 
2.4. Statistical analyses  
Biochemical parameters obtained from each treatment were submitted to statistical hypothesis 
testing using permutational analysis of variance, employing the PERMANOVA+ add-on in PRIMER v6 
(Anderson et al., 2008).  In figures, for each biochemical parameter, significant differences (p ≤ 0.05) among 
treatments (CTL 17 °C, TCS 17 °C, Pb 17 °C, TCS+Pb 17 °C, CTL 22 °C, TCS 22 °C, Pb 22 °C, TCS+Pb 22 
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°C) were identified with lowercase letters for temperature 17 ºC and upper case letters for temperature 22 
ºC. In figures, for each treatment significant differences between exposure temperatures (17 °C and 22 °C) 
are presented with asterisks. 
The matrix gathering the biochemical descriptors per treatment were used to calculate the Euclidean 
distance similarity matrix. This similarity matrix was simplified through the calculation of the distance among 
centroids matrix based on the treatment, which was then submitted to ordination analysis, performed by 
Principal Coordinates (PCO). Pearson correlation vectors of biochemical descriptors (correlation >0.75) were 
provided as supplementary variables being superimposed on the top of the PCO graph.  
3. RESULTS 
3.1. Triclosan and Lead levels in water and mussels soft tissue  
Concentrations of TCS and Pb were weekly measured in the exposure medium soon after spiking 
and were similar to the desired nominal concentrations of 1 µg/L and 50 µg/L, respectively (Table 1). These 
results validated the spiking process. 
Concentrations of TCS and Pb in mussels soft tissues at the end of the exposure period (28 days) 
are presented in Table 2. The results showed that in control mussels presence of TCS was lower than the 
quantification limit (0.40 ng/g d.w), while in TCS exposed mussels alone or combined with Pb, the 
concentrations were higher (8.44-18.93 ng/g d.w) regardless of temperature. In what regards to Pb, the 
concentrations found (1.1-3.1 μg/g d.w) were significantly higher in exposed mussels (alone or combined 
with TCS) in comparison to non-contaminated mussels and values were even higher under the combined 
exposure at higher temperature (22ºC).  
 
3.2. Biochemical markers  
3.2.1. Energy-related parameters  
ETS activity was significantly decreased in mussels exposed to TCS, Pb and the combination of 
both, at the two temperatures tested (17 and 22ºC). ETS values observed at 22 ºC were significantly higher 
than those at 17 ºC, except for mussels exposed to TCS (Fig. 1A). 
Reserves of GLY content showed no significant differences among treatments and temperatures 
(Fig. 1B). PROT content showed no significant differences among treatments in mussels maintained at 17 
ºC, while it decreased significantly in contaminated mussels (TCS, Pb and TCS+Pb) at 22ºC. Significantly 
higher values for PROT reserves were observed in mussels exposed to 22ºC compared to 17 ºC, except for 
those exposed to Pb (Fig. 1C). 
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3.2.2. Oxidative stress markers 
SOD activity showed a significant increase in mussels exposed to Pb and TCS+Pb only at 22 °C with 
respect to control and TCS alone exposed organisms. SOD activity was significantly lower in organisms 
exposed to Pb and TCS+Pb at 17 ºC in contrast to these same treatments at 22ºC (Fig. 2A). 
CAT activity showed no significant differences among treatments in mussels at 17 ºC, while at 22 ºC 
contaminated mussels (TCS, Pb and TCS+Pb) showed significantly lower CAT activity in comparison to 
controls (Fig. 2B). 
GPx activity in mussels maintained at 17 ºC was significantly lower when exposed to TCS alone. By 
contrast, at 22 ºC, an opposite pattern was observed with significantly higher activity in organisms exposed 
to TCS in comparison to the remaining treatments. Comparing temperature effects at the four treatments, 
higher activity was observed in mussels exposed to TCS and 22 ºC, while at the remaining conditions GPx 
activity was significantly higher at 17 ºC (Fig. 2C). 
GRed activity in mussels kept at 17 ºC significantly increased in those exposed to Pb while at 22 ºC 
significantly higher activities were observed in all contaminated organisms in comparison to the controls. 
Comparing both ambient temperatures, significant higher activity was observed at 17ºC in control organisms 
and in those exposed to Pb (Fig. 2D). 
Regarding to GSTs activity, mussels exposed to 17 ºC showed no significant differences among 
treatments, while at 22 ºC contaminated mussels significantly decreased the activity of this family of 
enzymes. When comparing both temperatures, significantly higher activity was achieved at 22 ºC in all 
treatments (Fig. 3). 
 
3.2.3. Cellular damage markers 
 Mussels maintained at 17 ºC showed significantly higher LPO values when exposed to TCS, Pb and 
their combination (TCS+Pb) while at temperature 22 ºC no significant differences were observed among 
treatments. No significant differences were observed between the two temperatures in any treatment (Fig. 
4A).  
Regarding PC levels, mussels maintained at 17 ºC showed no significant differences among 
treatments, while those kept at 22 ºC showed significantly higher levels when exposed to Pb and TCS+Pb. 
Comparing both temperatures, significantly higher PC levels were obtained at 22ºC in mussels exposed to 
Pb and TCS+Pb (Fig. 4B). 
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3.3 Multivariate analysis  
Principal coordinates analysis (PCO) graph for mussels exposed to TCS, Pb and TCS+Pb at two 
temperatures (17 and 22ºC) is shown in Figure 5. PCO axis 1 explained 42.3% total variation, while PCO 
axis 2 explained 39.5%. PCO1 separated mussels exposed to temperature 22 ºC (CTL, Pb and TCS+Pb) at 
the positive side from mussels exposed to the remaining treatments in the negative side. Overall PCO2 
separates individuals exposed to Pb and 22 ºC (Pb and TCS+Pb) at the positive side from the remaining 
treatments at the negative side. High correlation was observed between GSTs (0.87) and ETS (0.97) and the 
PCO1 positive side. PC and SOD were highly correlated with PCO2 positive side (0.94 and 0.93, 
respectively). 
 
 
4. DISCUSSION 
   The selected nominal environmentally relevant water concentrations of TCS (1 μg/L) and Pb (50 
μg/L) matched the real ones determined by GC-MS (TCS) and AAS (Pb) analysis. Chemical analysis of soft 
tissue also confirmed the uptake and bioaccumulation of the chemicals in the range of about 10-15 ng/g d.w 
for TCS and 1-2 μg/g d.w for Pb. The present findings revealed that concentrations of TCS and Pb present in 
mussels were independent of the testing temperature and, only under the co-exposure conditions Pb was 
significantly higher at the highest temperature. To relate our measured concentrations in mussels to other 
studies with bivalves is difficult due to the large variation in levels reported under field situations or even after 
lab exposures using comparable water concentrations of TCS and Pb. Water concentration of TCS in 
surface waters can reach up to ≈ 0.5 μg/L (Morrall et al., 2004) and 1 μg/L concentration is frequently 
selected in bivalves to assess TCS toxicity (Binelli et al., 2011; Kookana et al., 2013; Matozzo et al., 2012). 
Bioaccumulated concentrations of TCS in M. galloprovincialis encountered in the present laboratory 
exposure are of the same magnitude as those recorded in the same species, located at the outlet of two 
sewage outlets in Australia (Kookana et al., 2013). As for Pb, the concentrations determined matched those 
found in bivalves at the sampling area (Ria de Aveiro coast of Portugal) (Freitas et al., 2012) and seen to 
cause measurable biological effects (Freitas et al., 2014). Comparisons with other studies on aquatic species 
evaluating the effect of the temperature alone, as a factor controlling bioaccumulation, are highly variable, 
and even controversial, since they will depend on the species, tissue analysed and experimental conditions. 
For instance, Coppola et al. (2018) demonstrated that mussels M. galloprovincialis exposed to enhanced 
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temperature presented higher As concentration than mussels under control temperature, while when the 
same species was exposed to Hg an opposite trend was observed with lower Hg concentration in mussels 
exposed to higher temperature. Nevertheless, Khan et al. (2006; 2007) demonstrated that rising temperature 
can increase the sensitivity of aquatic animals (namely the crayfish Orconectes immunis) and the soil 
earthworm (Lumbricus terrestris) to metals. These authors argued that the increase in toxicity of metals 
enhanced by high temperature may be due to limiting the scope of aerobic metabolism (oxygen extraction, 
transport and utilization), since when the metabolism of aquatic species is increased and oxygen 
concentration in water is reduced, the inflow rate of water into the animal increases in order to extract more 
oxygen, which can simultaneously increase the entry of dissolved pollutants into the body. Also, Bat et al. 
(2000) showed that LC50 decreased along the increasing temperature in the amphipod Gammarus pulex 
pulex exposed to Cu, Zn and Pb. However, as reviewed by Sokolova and Lannig (2008), metals 
accumulation in bivalves will highly depend on the element and on the species.  
In order to asses if water exposures and consequently bioaccumulated concentrations of TCS and 
Pb alone and combined at two temperatures had an effect on mussel’s physiological performance and 
toxicity, a comprehensive set of biomarkers were considered. The electron transport system (ETS) activity, 
commonly selected as a proxy for the metabolic capacity of organisms, revealed that mussels exposed to 
pollutants decreased their capacity regardless the temperature tested, although the magnitude of the 
response was greater at 22ºC as control mussels at this temperature already displayed significantly higher 
basal activity. Lower metabolic activity in pollutant-exposed mussels with respect to controls, did not result in 
a usage of stored energy reserves, especially noticed for GLY, supporting the hypothesis that mussels 
avoided the expenditure of their energy reserves as a consequence of their reduced metabolism. These 
results indicate that mussels under stress reduce their metabolism, which could be achieved by closing their 
valves, preventing at the same time the bioaccumulation of contaminants, as revealed by similar 
bioaccumulation of chemicals at both temperatures. It was already demonstrated by other authors that 
bivalves under stressful conditions use the strategy to close their valves to avoid further damage (Gosling, 
2003; Ortmann and Grieshaber, 2003).  
Another set of biomarkers to assess chemical exposures concerns to the antioxidant responses and 
oxidative stress status. The present study revealed that mussels under warming conditions (22ºC) 
experienced an increase in SOD activity mostly in those exposed to Pb alone and under co-exposure with 
TCS, while a decrease on CAT activity was revealed under all chemical exposures. At control temperature 
(17ºC) no responses were observed. Other antioxidant defences such as GPx activity was only affected in 
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mussels exposed to TCS in a temperature dependent way, with an increase in activity at 22ºC and a 
decrease at 17ºC. Under warming conditions (22ºC), GRed acted in a complementary way to GSTs. That is 
GRed showed higher activity in exposed mussels while GSTs decreased at this temperature. No response 
was evidenced at 17ºC in any of these parameters (except for GPx when exposed to TCS and GRed to Pb).  
Present results indicate that GSTs activity in mussels was more sensible to pollutants under warming 
conditions.  
As a consequence of the overall antioxidant responses, mostly at higher temperature, LPO 
occurrence was prevented in contaminated mussels at 22ºC. On the other hand, contamination by TCS and 
Pb and the combination of both stressors induced LPO in mussels at 17ºC coincident with lack of antioxidant 
responsiveness. Despite the efficiency of enzymatic changes to prevent LPO at 22ºC, PC formation could 
not be avoided under Pb and co-exposure by TCS, holding Pb as the main responsible for ROS formation 
and proteins oxidative modifications.  
In bivalves, oxidative stress responses and damage have been evaluated after exposure to TCS 
(Binelli et al., 2011; Matozzo et al., 2012; Riva et al., 2012) and Pb (Franco et al., 2016; Freitas et al., 2014; 
Shenai-Tirodkar et al., 2017), evidencing that both metabolic capacity and oxidative status may depend on 
the species and tissues analysed but also on the conditions tested. For example, Matozzo et al. (2012) 
demonstrated that in the clam Ruditapes philippinarum the highest TCS concentrations tested caused a 
signiﬁcant increase in SOD activity in gills, but it decreased in digestive gland. Enhanced oxidative stress 
was induced by Pb in the clam Ruditapes decussatus whole tissue (Freitas et al., 2014) as well as in the 
oyster Crassostrea madrasensis (Shenai-Tirodkar et al., 2017). However, we are not aware of any study 
evaluating the combination of these two factors: chemicals (alone or in mixture) and temperature. Other 
studies in bivalves have already demonstrated that warming conditions alter the sensitivity of these aquatic 
species to organic and inorganic pollutants (Attig et al., 2014; Banni et al., 2014; Freitas et al., 2014; Kamel 
et al., 2012; Moreira et al., 2017; Nardi et al., 2018). Warming alone is also a factor that modulates metabolic 
and biochemical responses in bivalves, depending on the species, tested temperatures, and length of 
exposure (Anestis et al., 2007; Coppola et al., 2017; Velez et al., 2017). As an example, Velez et al. (2017) 
showed that in the clam R. decussatus the metabolic capacity, measured as ETS, and the antioxidant 
defence mechanisms increased at increasing temperature. Other studies such as those of Anestis et al. 
(2007) showed that the mussel M. galloprovincialis increased the duration of valve closure by about six-fold 
when acclimated to higher temperature (24°C versus17°C) causing a metabolic depression and probably a 
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shift from aerobic to anaerobic metabolism. Similarly, Coppola et al. (2017) revealed a metabolic depression 
in M. galloprovincialis exposed to increased temperature but still cellular damage was not prevented. 
The complexity of the responses that the antimicrobial agent TCS and the toxic metal Pb can exert 
over the metabolic and oxidative stress of a model bivalve acclimatized to two temperatures during a given 
period of time (28 days) is particular and difficult to relate to other experimental conditions elsewhere, even 
from studies also conducted in bivalves (see references above). Too many factors (biological and 
environmental) can modulate these variables, as indicated before. Thus there is need to find an integrative 
tool capable of discriminating which environmental factors (chemical and/or temperature) and biochemical 
parameters are crucial on modulating and responding to particular insults. Thus, we considered the 
multiparameter PCO tool in the analysis of the responses. 
 Derived from the chemical analysis and the individual responses for each parameter to each test 
compound and the controls included in the PCO integrative model, some conclusions can be outlined. 
Overall, our study revealed a complex response of mussels exposed to an emerging chemical: TCS and the 
toxic metal Pb alone and under co-exposure, a situation that will mimic a more realistic environmental case. 
Moreover, when the temperature factor is put on scene, the complexity of the responses is even larger. The 
PCO allowed confirmation that temperature was a significant factor to modulate the responses and that 
these were more evident at 22ºC than at 17ºC with Pb (alone or under co-exposure), seen as the most toxic 
compound as suggested by PC formation and SOD induction. 
 
Acknowledgments 
Francesca Coppola benefited from PhD grant (SFRH/BD/118582/2016) given by the National Funds 
through the Portuguese Science Foundation (FCT), supported by FSE and Programa Operacional Capital 
Humano (POCH) e European Union. Rosa Freitas benefited from a Research position funded by Integrated 
Programme of SR&TD “Smart Valorization of Endogenous Marine Biological Resources Under a Changing 
Climate” (reference Centro-01-0145-FEDER-000018), co-funded by Centro 2020 program, Portugal 2020, 
European Union, through the European Regional Development Fund. Thanks are also due, for the financial 
support to CESAM (UID/AMB/50017), to FCT/MEC through national funds, and the co-funding by the 
FEDER, within the PT2020 Partnership Agreement and Compete 2020; Programa Operac ional 
Competitividade e Internacionalização FEDER (POCI-01-0145-FEDER-028425) BISPECIAl - BIvalves under 
Polluted Environment and ClImate change; and the Spanish Ministry of Economy, Industry and Competitivity: 
AimCost project (ref CGL2016-76332-R MINECO/FEDER/UE). 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
Conflict of Interest 
The Authors whose names are listed immediately below certify that they have NO affiliations with 
or involvement in any organization or entity with any financial interest (such as honoraria; 
educational grants; participation in speakers’ bureaus; membership, employment, consultancies, 
stock ownership, or other equity interest; and expert testimony or patent-licensing arrangements), 
or non-financial interest (such as personal or professional relationships, affi liations, knowledge or 
beliefs) in the subject matter or materials discussed in this manuscript. 
  
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
 
REFERENCES 
Acevedo-Whitehouse, K., Duffus, A.L.J., 2009. Effects of environmental change on wildlife health. Philos. 
Trans. R. Soc. Lond. B. Biol Sci., 364, 3429-3438. 
Anderson, M. J., Gorley, R. N., Clarke, K. R. (2008). PERMANOVA+ for PRIMER: Guide to Software and 
Statistical Methods. Plymouth: PRIMER-E. 
Anestis, A., Lazou, A., Poertner, H.O., Michaelidis, B., 2007. Behavioral, metabolic, and molecular stress 
responses of marine bivalve Mytilus galloprovincialis during long-term acclimation at increasing 
ambient temperature. Am. J. Physiol. Regul. Integr. Comp. Physiol., 293, R911-R921. 
Aouini, F., Trombini, C., Volland, M., Elcafsi, M., Blasco, J., 2018. Assessing lead toxicity in the clam 
Ruditapes philippinarum: Bioaccumulation and biochemical responses. Ecotox. Environ. Safe., 158, 
193-203. 
Attig, H., Kamel, N., Sforzini, S., Dagnino, A., Jamel, J., Boussetta, H., Viarengo, A., Banni, M., 2014. Effects 
of thermal stress and nickel exposure on biomarkers responses in Mytilus galloprovincialis (Lam). Mar. 
Environ. Res., 94, 65-71. 
Banni, M., Hajer, A., Sforzini, S., Oliveri, C., Boussetta, H., Viarengo, A., 2014. Transcriptional expression 
levels and biochemical markers of oxidative stress in Mytilus galloprovincialis exposed to nickel and 
heat stress. Comp. Biochem. Physiol. C, 160, 23-29. 
Bat, L., Sakbulut, M., Çulha, M., Gündoğdu, A., Satilmiş, H.H., 2000. Effec t of temperature on the toxicity of 
zinc, copper and lead to the freshwater amphipod Gammarus pulex pulex (L., 1758). Turk. J. Zool., 
24, 409-415. 
 Beauchamp, C., Fridovich, I., 1971. Superoxide dismutase: improved assays and an assay applicable to 
acrylamide gels. Anal. Biochem., 44, 276–287.  
Bedoux, G., Roig, B., Thomas, O., Dupont, V., Le Bot, B., 2012. Occurrence and toxicity of antimicrobial 
triclosan and by-products in the environment. Environ. Sci. Pollut. Res., 19, 1044-1065. 
Binelli, A., Parolini, M., Pedriali, A., Provini, A., 2011. Antioxidant activity in the Zebra Mussel (Dreissena 
polymorpha) in response to Triclosan exposure. Water Air Soil Pollut., 217, 421-430. 
Carlberg, I., Mannervik, B., 1985. Glutahione reductase. Methods Enzymol., 113, 484–490.  
Coelho, J.P., Pato, P., Henriques, B., Picado, A., Lillebø, A. I., Dias, J. M., Duarte, A.C., Pereira, M.E., 
Pardal, M.A., 2014. Long-term monitoring of a mercury contaminated estuary (Ria de Aveiro, Portugal): 
the effect of weather events and management in mercury transport. Hydrol. Proc., 28(2), 352–360.  
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
Carregosa, V., Figueira, E., Gil, A.M., Pereira, S., Pinto, J., Soares, A.M.V.M., Freitas, R., 2014. Tolerance of 
Venerupis philippinarum to salinity: Osmotic and metabolic aspects. Comp. Biochem. Physiol. A, 171, 
36–43.  
Cheng, C.-Y., Wang, Y.-C., Ding, W.-H., 2011. Determination of Triclosan in aqueous samples using solid-
phase extraction followed by on-line derivatization gas Chromatography–Mass Spectrometry. Analytical 
Sciences, 27(2), 197.  
Company, R., Serafim, A., Lopes, B., Cravo, A., Shepherd, T.J., Pearson, G., Bebianno, M.J., 2008. Using 
biochemical and isotope geochemistry to understand the environmental and public health implications 
of lead pollution in the lower Guadiana River, Iberia: A freshwater bivalve study. Sci. Total Environ., 
405, 109-119. 
Coppola, F., Almeida, A., Henriques, B., Soares, A.M.V.M., Figueira, E., Pereira, E., Freitas, R., 2017. 
Biochemical impacts of Hg in Mytilus galloprovincialis under present and predicted warming scenarios. 
Sci. Total Environ., 601, 1129-1138. 
Coppola, F., Almeida, A., Henriques, B., Soares, A.M.V.M., Figueira, E., Pereira, E., Freitas, R., 2018. 
Biochemical responses and accumulation patterns of Mytilus galloprovincialis exposed to thermal 
stress and Arsenic contamination. Ecotox. Environ. Safe., 147, 954-962. 
Dann, A.B., Hontela, A., 2011. Triclosan: environmental exposure, toxicity and mechanisms of action. J. 
Appl. Ichthyol., 31, 285-311. 
De Coen, W.M.D., Janssen, C.R., 1997. The use of biomarkers in Daphnia magna toxicity testing. IV. 
Cellular Energy Allocation: a new methodology to assess the energy budget of toxicant-stressed 
Daphnia populations. J. Aquat. Ecosyst. Stress Recovery 6, 43–55. 
Dhillon, G.S., Kaur, S., Pulicharla, R., Brar, S.K., Cledon, M., Verma, M., Surampalli, R.Y., 2015. Triclosan: 
Current status, occurrence, environmental risks and bioaccumulation potential. Int. J. Environ. Res. 
Public Health, 12, 5657-5684. 
Dimitriadis, V.K., Gougoula, C., Anestis, A., Poertner, H.O., Michaelidis, B., 2012. Monitoring the biochemical 
and cellular responses of marine bivalves during thermal stress by using biomarkers. Mar. Environ. 
Res., 73, 70-77. 
Dubois, M.K., Gilles, A., Hamilton, J.K., Rebers, P.A., Sith, F., 1956. Calorimetric method for determination 
of sugars and related substances. Anal. Chem., 28, 350-356.  
Ebele, A.J., Abdallah, M., Harrad, S., 2017. Pharmaceuticals and personal care products (PPCPs) in the 
freshwater aquatic environment. Emerging Contaminants, 3, 1-16. 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
EPA 3051A.  Microwave Assisted Acid Digestion of Sediments, Sludges, and Oils. US Environmental 
Protection Agency, 2007 
EPA 7010. Graphite furnace atomic absorption spectrophotometry. US Environmental Protection Agency, 
2007 
Franco, L., Romero, D., Garcia-Navarro, J.A., Teles, M., Tvarijonaviciute, A., 2016. Esterase activity (EA), 
total oxidant status (TOS) and total antioxidant capacity (TAC) in gills of Mytilus galloprovincialis 
exposed to pollutants: Analytical validation and effects evaluation by single and mixed heavy metal 
exposure. Mar. Pollut. Bull., 102, 30-35. 
Freitas, R., Almeida, A., Calisto, V., Velez, C., Moreira, A., Schneider, R.J., Esteves, V.I., Wrona, F.J., 
Figueira, E., Soares, A.M.V.M., 2016. The impacts of pharmaceutical drugs under ocean acidification: 
New data on single and combined long-term effects of carbamazepine on Scrobicularia plana. Sci. 
Total Environ., 541, 977-985. 
Freitas, R., Coppola, F., De Marchi, L., Codella, V., Pretti, C., Chiellini, F., Morelli, A., Polese, G.,  Soares, 
A.M.V.M., Figueira, E., 2018. The influence of Arsenic on the toxicity of carbon nanoparticles in 
bivalves. J. Hazard. Mater., 358, 484-493. 
Freitas, R., De Marchi, L., Bastos, M., Moreira, A., Velez, C., Chiesa, S., Wrona, F.J., Figueira, E., Soares, 
A.M.V.M., 2017. Effects of seawater acidification and salinity alterations on metabolic, osmoregulation 
and oxidative stress markers in Mytilus galloprovincialis. Ecol. Indic. 79, 54-62. 
Freitas, R., Martins, R., Antunes, S., Velez, C., Moreira, A., Cardoso, P., Pires, A., Soares, A., Figueira, E., 
2014. Venerupis decussata under environmental relevant lead concentrations: Bioconcentration, 
tolerance, and biochemical alterations. Environ. Toxicol. Chem., 33, 2786-2794. 
Freitas, R., Pires, A., Quintino, V., Rodrigues, A.M., Figueira, E., 2012. Subcellular partitioning of elements 
and availability for trophic transfer: Comparison between the Bivalve Cerastoderma edule and the 
Polychaete Diopatra neapolitana. Estuar. Coast. and Shelf Sci., 99, 21-30. 
Gagne, F., Blaise, C., Andre, C., 2006. Occurrence of pharmaceutical products in a municipal effluent and 
toxicity to rainbow trout (Oncorhynchus mykiss) hepatocytes. Ecotox. Environ. Safe., 64, 329-336. 
Gazeau, F., Parker, L.M., Comeau, S., Gattuso, J.-P., O'Connor, W.A., Martin, S., Poertner, H.-O., Ross, 
P.M., 2013. Impacts of ocean acidification on marine shelled molluscs. Mar. Biol. , 160, 2207-2245. 
Gosling, E., 2003. Bivalve Molluscs Biology, Ecology and Culture. Fishing New Books, Blackwell Publishing, 
443 p. 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
Habig, W. H., Pabst, M. J., Jakoby, W. B., 1974. Glutathione S-Transferases. The fist enzymatic step in 
mercapturic acid formation. J. Biol. Chem., 249(22), 7130–7139. 
Hoffmann, L.J., Breitbarth, E., Boyd, P.W., Hunter, K.A., 2012. Influence of ocean warming and acidification 
on trace metal biogeochemistry. Mar. Ecol. Prog. Ser., 470, 191-205. 
IPCC, 2014: Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II and III to the Fifth 
Assessment Report of the Intergovernmental Panel on Climate Change [Core Writing Team, R.K. 
Pachauri and L.A. Meyer (eds.)]. IPCC, Geneva, Switzerland, 151 pp. 
Ivanina, A.V., Taylor, C., Sokolova, I.M., 2009. Effects of elevated temperature and cadmium exposure on 
stress protein response in eastern oysters Crassostrea virginica (Gmelin). Aquat. Toxicol., 91, 245-
254. 
Johansson, L. H., and Borg, L. A. (1988). A spectrophotometric method for determination of catalase activity 
in small tissue samples. Anal. Biochem., 174(1), 331–336.  
Kamel, N., Attig, H., Dagnino, A., Boussetta, H., Banni, M., 2012. Increased temperatures affect oxidative 
stress markers and detoxification response to benzo a pyrene exposure in mussel Mytilus 
galloprovincialis. Arch. Environ. Contam. Toxicol., 63, 534-543. 
Khan, M. A. Q., Ahmed, S. A., Catalin, B., Khodadoust, A., Ajayi, O., Vaughn, M., 2006. Effect of 
temperature on the heavy metal toxicity to juvenile crayfish, Orconectes immunis (Hagen). Environ. 
Toxicol., 513-520. 
Khan, M. A. Q., Ahmed, S. A., Salazar, A., Gurumendi, J., Khan,A., Vargas, M., Catalin, B., 2007. Effect of 
temperature on heavy metal toxicity to earthworm Lumbricus terrestris (Annelida: Oligochaeta). 
Environ. Toxicol., 487-494. 
 King, F.D., Packard, T.T., 1975. Respiration and the activity of the respiratory electron transport system in 
marine zooplankton. Limnol. Oceanogr., 20, 849–854.  
Kookana, R.S., Shareef, A., Fernandes, M.B., Hoare, S., Gaylard, S., Kumar, A., 2013. Bioconcentration of 
triclosan and methyl-triclosan in marine mussels (Mytilus galloprovincialis) under laboratory conditions 
and in metropolitan waters of Gulf St Vincent, South Australia. Mar. Pollut. Bull. , 74, 66-72. 
Krause-Nehring, J., Brey, T., Thorrold, S.R., 2012. Centennial records of lead contamination in northern 
Atlantic bivalves (Arctica islandica). Mar. Pollut. Bull., 64, 233-240. 
Lannig, G., Eilers, S., Poertner, H.O., Sokolova, I.M., Bock, C., 2010. Impact of Ocean Acidification on 
Energy Metabolism of Oyster, Crassostrea gigas-Changes in Metabolic Pathways and Thermal 
Response. Marine Drugs, 8, 2318-2339. 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
Lannig, G., Flores, J.F., Sokolova, I.M., 2006. Temperature-dependent stress response in oysters, 
Crassostrea virginica: Pollution reduces temperature tolerance in oysters. Aquat. Toxicol., 79, 278-
287. 
Maffei, M., Vernocchi, P., Lanciotti, R., Guerzoni, M. E., Belletti, N., Gardini, F., 2009. Depuration of Striped 
Venus Clam (Chamelea gallina L.): Effects on microorganisms, sand sontent, and mortality. J Food 
Sci., 74(1), M1–M7.  
 Matoo, O.B., Ivanina, A.V., Ullstad, C., Beniash, E., Sokolova, I.M., 2013. Interactive effects of elevated 
temperature and CO2 levels on metabolism and oxidative stress in two common marine bivalves 
(Crassostrea virginica and Mercenaria mercenaria). Comp. Biochem. Physiol. A, 164, 545-553. 
Matozzo, V., Formenti, A., Donadello, G., Marin, M.G., 2012. A multi-biomarker approach to assess effects 
of Triclosan in the clam Ruditapes philippinarum. Mar. Environ. Res., 74, 40-46. 
Meng, J., Wang, W.-X., Li, L., Zhang, G., 2018. Tissue-specific molecular and cellular toxicity of Pb in the 
oyster (Crassostrea gigas): mRNA expression and physiological studies. Aquat. Toxicol., 198, 257-
268. 
Mesquita, C.S., Oliveira, R., Bento, F., Geraldo, D., Rodrigues, J.V., Marcos, J.C., 2014. Simplified 2,4-
dinitrophenylhydrazine spectrophotometric assay for quantification of carbonyls in oxidized proteins. 
Anal. Biochem., 458, 69–71. 
Moreira, A., Figueira, E., Mestre, N.C., Schrama, D., Soares, A.M.V.M., Freitas, R., Bebianno, M.J., 2018. 
Impacts of the combined exposure to seawater acidification and arsenic on the proteome of 
Crassostrea angulata and Crassostrea gigas. Aquat. Toxicol., 203, 117-129. 
Moreira, A., Figueira, E., Pecora, I.L., Soares, A.M.V.M., Freitas, R., 2017. Biochemical alterations in native 
and exotic oyster species in Brazil in response to increasing temperature. Comp Biochem Physiol C, 
191, 183-193. 
Morrall, D., McAvoy, D., Schatowitz, B., Inauen, J., Jacob, M., Hauk, A., Eckhoff, W., 2004. A field study of 
triclosan loss rates in river water (Cibolo Creek, TX). Chemosphere, 54, 653-660. 
Mubiana, V.K., Blust, R., 2007. Effects of temperature on scope for growth and accumulation of Cd, Co, Cu 
and Pb by the marine bivalve Mytilus edulis. Mar. Environ. Res., 63, 219-235. 
Munari, M., Matozzo, V., Gagne, F., Chemello, G., Riedl, V., Finos, L., Pastore, P., Badocco, D., Marin, 
M.G., 2018. Does exposure to reduced pH and Diclofenac induce oxidative stress in marine bivalves? 
A comparative study with the mussel Mytilus galloprovincialis and the clam Ruditapes philippinarum. 
Environ. Pollut., 240, 925-937. 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
Nardi, A., Benedetti, M., d'Errico, G., Fattorini, D., Regoli, F., 2018. Effects of ocean warming and 
acidification on accumulation and cellular responsiveness to cadmium in mussels Mytilus 
galloprovincialis: Importance of the seasonal status. Aquat. Toxicol., 204, 171-179. 
Ohkawa, H., Ohishi, N.,  Yagi, K., 1979. Assay for lipid peroxides in animal tissues by thiobarbituric acid 
reaction. Anal. Biochem., 95(2), 351–358.  
Ortmann, C., Grieshaber, M.K., 2003. Energy metabolism and valve closure behaviour in the Asian clam 
Corbicula fluminea. J. Exp. Biol., 206, 4167-4178. 
Paglia, D.E., and Valentine, W.N., 1967. Studies on the quantitative and qualitative characterization of 
erythrocyte glutathione peroxidase. TJ. Lab. Clin. Med., 70(1), 158–169. 
Riva, C., Cristoni, S., Binelli, A., 2012. Effects of triclosan in the freshwater mussel Dreissena polymorpha: A 
proteomic investigation. Aquat. Toxicol., 118, 62-71. 
Robinson, H., and Hodgen, C., 1940. The biuret reaction in the determination of serum proteins: A study of 
the conditions necessary for the production of a stable color which bears a quantitative relationship to 
the protein concentration. J. Biol. Chem., 135(9), 707. 
Schmidt, M. L., and Snow, N. H., 2016. Making the case for QuEChERS-gas chromatography of drugs. TrAC 
Trends in Analytical Chemistry, 75, 49–56.  
Shenai-Tirodkar, P.S., Gauns, M.U., Mujawar, M.W.A., Ansari, Z.A., 2017. Antioxidant responses in gills and 
digestive gland of oyster Crassostrea madrasensis (Preston) under lead exposure. Ecotox. Environ. 
Safe., 142, 87-94. 
Sokolova, I.M., Lannig, G., 2008. Interactive effects of metal pollution and temperature on metabolism in 
aquatic ectotherms: implications of global climate change. Clim. Res. 37, 181-201. 
Srichandan, S., Panigrahy, R.C., Baliarsingh, S.K., Srinivasa Rao B., Pati, P., Sahu, B.K., Sahu, K.C., 2016. 
Distribution of trace metals in surface seawater and zooplankton of the Bay of Bengal, off Rushikulya 
estuary, East Coast of India. Mar. Pollut. Bull., 111, 468–475. 
Tamura, I., Kagota, K.-i., Yasuda, Y., Yoneda, S., Morita, J., Nakada, N., Kameda, Y., Kimura, K., 
Tatarazako, N., Yamamoto, H., 2013. Ecotoxicity and screening level ecotoxicological risk assessment 
of five antimicrobial agents: triclosan, triclocarban, resorcinol, phenoxyethanol and p-thymol. J. Appl. 
Ichthyol., 33, 1222-1229. 
Tchounwou, P.B., Yedjou, C.G., Patlolla, A.K., Sutton, D.J., 2012. Heavy metal toxicity and the environment. 
Exs., 101, 133-164. 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
Tohidi, F., and Cai, Z., 2015. GC/MS analysis of triclosan and its degradation by-products in wastewater and 
sludge samples from different treatments. Environ Sci Pollut Res Int., 22(15), 11387–11400.  
Vázquez-Sauceda, M.L., Pérez-Castañeda, R., Sánchez-Martinez, J.G., Aguirre-Guzmán, G., 2012. 
Cadmium and Lead Levels Along the Estuarine Ecosystem of Tigre River-San Andres Lagoon, 
Tamaulipas, Mexico. Bull. Environ. Contam. Toxicol., 89, 782–785. 
 Velez, C., Figueira, E., Soares, A.M.V.M., Freitas, R., 2015. Spatial distribution and bioaccumulation 
patterns in three clam populations from a low contaminated ecosystem. Estuar. Coast. Shelf Sci., 155, 
114–125.  
Velez, C., Figueira, E., Soares, A.M.V.M., Freitas, R., 2017. Effects of seawater temperature increase on 
economically relevant native and introduced clam species. Mar. Environ. Res., 123, 62-70. 
Weatherly, L. M., Gosse, J.A., 2017. Triclosan exposure, transformation, and human health effects. J . 
Toxicol. Environ. Health B Crit. Rev., 20(8), 447–469. 
Wheeler, C.R., Salzman, J.A., Elsayed, N.M., Omaye, S.T., Korte, D.W., 1990. Automated assays for 
superoxide dismutase, catalase, glutathione peroxidase, and glutathione reductase activity. Anal. 
Biochem., 184(2), 193–199.  
 
 
  
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
 
Table 1. Triclosan (TCS) and Lead (Pb) concentrations (µg/L) in water samples collected 
immediately after spiking every week along the experimental period (28 days) and in each tested 
condition. Triclosan LOD 0.008 µg/L. Lead LOD 0.8 µg/L.  
 
 
1st week 2nd week 3rd week 4th week 
 
 
TCS Pb TCS Pb TCS Pb TCS Pb 
17
 º
C
 
CTL  <LOQ 9.74 <LOQ 11.32 <LOQ 10.46 <LOQ 9.51 
Pb  <LOQ 55.86 <LOQ 54.81 <LOQ 58.12 <LOQ 59.96 
TCS  0.93 11.12 1.13 11.26 1.06 9.94 0.96 9.77 
TCS+Pb  0.81 57.11 0.78 56.15 0.96 51.16 0.91 55.18 
22
 º
C
 
CTL  <LOQ 8.14 <LOQ 7.72 <LOQ 7.8725 <LOQ 7.91 
Pb  <LOQ 53.2 <LOQ 52.18 <LOQ 56.97 <LOQ 58.87 
TCS  0.84 10.23 0.97 9.44 0.83 11.21 0.83 9.62 
TCS+Pb  0.79 55.23 0.88 54.79 0.85 48.67 0.94 51.34 
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Table 2. Triclosan (TCS) and Lead (Pb) concentrations in mussels collected at the end of the 
experimental period (28 days) and in each tested condition. Triclosan LOD 0.13 ng/g. Lead LOD 
0.40 µg/g. Different letters represent significant differences (p≤0.05) among conditions.  
 
 
 
TCS (ng/g) Pb (µg/g) 
17
 º
C
 
CTL  <LOQ 1.4±0.28a 
TCS  13.88±1.46a 1.2±0.04a 
Pb  <LOQ 2.32±0.11b 
TCS+Pb  15.96±2.97a 2.19±0.12b 
22
 º
C
 
CTL  <LOQ 1.4±0.28a 
TCS  10.22±1.78a 1.38±0.42a 
Pb  <LOQ 2.32±0.12b 
TCS+Pb  12.99±3.07a 2.97±0.14c 
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Highlights 
1. Antioxidant defences were increased at higher temperature and this prevented LPO occurrence.  
2. Effects due to triclosan and Pb exposures were more evident at higher temperature.  
3. Pb alone or combined with triclosan caused protein oxidation at 22ºC 
ACCEPTED MANUSCRIPT
Figure 1
Figure 2
Figure 3
Figure 4
Figure 5
